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Magnetic Fluid Manipulators and Methods for Their Use 
Introduction 

This patent application claims the benefit of priority 
5 from U.S. Provisional Application Serial No. 60/540,092, 
filed January 28, 2004, which is herein incorporated by 
reference iri its entirety. 

This invention was supported in part by funds from the 
U.S. government (National Science Foundation NIRT award 
10 number ECS-0304453) and the U.S. may have certain rights in 
this invention. 



Field of the Invention 

The present invention relates to devices and methods 

15 for use of these devices in manipulating substantially non- 
magnetic particles including, but in no way limited to, 
molecules, living cells, and other matter dispersed in a 
fluid also inclusive of magnetic particles by employing a 
changeable pattern of local magnetic field maxima and 

20 minima. In the devices of the present invention, magnetic 
particles in the fluid are attracted to selected areas of a 
surface of a substrate or chamber in which the fluid is 
held by magnetic field gradients produced by a pattern of 
magnetic features embedded in or held in close proximity to 

25 the surface. Upon application of external, time varying 
magnetic fields, the magnetic particles apply a body force 
on the fluid and non-magnetic particles in the fluid as 
well. Thus, these devices are useful in methods of mixing 
and/or directing movement of non-magnetic particles on the 

3 0 surface of the fluid holding chamber or substrate. These 
devices and methods are particularly useful in fields that 
require efficient mixing near surface interfaces on a 
microscopic scale, such as in biosensing and materials 
synthesis. These devices also serve as parallel micro- 

35 tweezers for stretching non-magnetic particles attached to 
surfaces and manipulating suspended non-magnetic particles 
in the vicinity of the surface. In addition, the magnetic 
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features patterned on the surface of the fluid holding 
chamber or substrate can be programmed to arrange the non- 
magnetic particles into a selected geometric configuration 
on the surface. 

5 

Background of the Invention 

The ability to control the motion of colloidal 
objects and other matter dispersed inside fluids has a wide 
range of applications in sensing, biomaterial synthesis, 

10 microf luidics, lab-on-a-chip, photonics, electronics 
assembly, genome analysis, and assembling cellular systems. 
One of the main limitations in biosensor applications, for 
example, is the inherent difficulty in efficiently bringing 
target molecules into proximal contact with the sensor 

15 regions on the surface. Current mixing techniques are 
effective in moving fluids in the bulk but much less 
effective in moving fluids near surface interfaces. The 
relative slow motion of fluids near surfaces contributes to 
the inability for molecules, colloidal objects, and cells 

20 to easily diffuse towards surfaces. This effect 

substantially decreases the probability for these objects 
to interact with surfaces. In the case of biosensors, this 
problem reduces the sensitivity of the biosensor since the 
time required for target molecules to reach a sensor region 

25 is greatly increased. In the case of surface conjugation 
and material synthesis, the ineffective diffusion of 
molecules towards surface interfaces greatly increases the 
time for chemical reactions to take place on surfaces. 

The ability to move fluid near surfaces has 

30 additional applications, such as in stretching and 
perturbing objects attached to surfaces and arranging 
colloidal objects into precise geometric patterns on a 
substrate surface. 

Surfaces containing an array of colloidal objects 

35 have been fabricated in the past for applications in 
photonic crystals, and magnetic and electric sensors. 
Self-assembly techniques for arranging colloidal patterns 
by hydrodynamic currents and by surface tension forces have 
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been successful for arranging identical components on 
surfaces (Ozin et al. Adv. Func. Mater. 2001 11:95, Xia et 
al. Adv. Func. Mater. 2003 13:907). Most traditional self- 
assembly techniques, however, fall short when it comes to 
5 assembling mult i -component ordered patterns. Manipulating 
fluids and building multi -component surfaces on micrometer 
and nanometer length scales remains a major challenge. 

While significant time and resources have been 
invested in the area of mixing, pumping, and creating 

10 multi- component surfaces, no single technique has been 
developed to date that can efficiently program the movement 
of fluids near surfaces simultaneously over large areas on 
a microscopic scale. 

U.S. Patent 6,415,821 and U.S. Patent 6,408,884, 

15 disclose a method for moving bulk fluid through channels 
using slugs of ferrofluid that are designed to be 
immiscible with the fluid of interest (Greivell, et al., 
1997, IEEE Trans. Biomed. Eng. 44:129). 

U.S. Patent 4,808,079 discloses a pump for 

20 ferrofluid, again designed to produce bulk fluid motion. 

In addition, micron-sized magnetic particles that are 
physically attached to various molecules, such as proteins, 
DNA fragments or fluorescent labels, have been arranged 
into programmable geometric patterns using magnetic forces 

25 and magnetically encoded surfaces (Yellen et al . J. Appl . 
Phys. 2003 93:7331; Yellen et al . Langmuir 2004 20:2553; 
Yellen et al. Adv. Mat. 2004 16:111). Previous work has 
shown that the number of particles deposited (or not 
deposited) at each array lattice site can be reliably 

30 controlled through a combination of magnetic and 
morphological template features. Regular heterogeneous 
colloidal patterns were assembled by this technique using 
only physical forces (i.e. magnetic, macroscopic 
hydrodynamic and surface forces) . The theoretical process 

3 5 of particle assembly onto magnetic surfaces has also been 
analyzed previously in order to guide experimental 
investigations (Yellen et al. 2002 J. Appl. Phys. 912:855; 
Yellen et al . J. Appl. Phys. 2003 93:8447; Plaks et al . 
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IEEE Trans. Mag. 2003 39:1436; and Hovorka et al . IEEE 
Trans Mag. 2003 39:2549) . 

In the present invention devices are provided for 
mixing and manipulating non-magnetic particles, not by 
5 attachment to a magnetic particle, but rather by suspension 
in a fluid containing magnetic particles. Control of the 
motions of non-magnetic particles in the devices of the 
present invention is accomplished using an effective 
diamagnetic force that can be applied on non-magnetic 

10 particles in a fluid also containing magnetic particles. 
The substantial magnetization acquired by a fluid 
comprising a large volume fraction of magnetic particles 
transmits this force to any non-magnetic or low 
magnetically susceptible particles suspended in the same 

15 fluid. Magnetization on the fluid is controlled on a 
micron scale with at least two magnetic field sources 
positioned in close proximity to, or inside of the chamber 
holding the fluid. These magnetic field sources allow for 
non-magnetic particles suspended in the fluid to be locally 

20 manipulated near surfaces in which the fluid is in contact 
with in a highly controllable fashion. 

Using these devices, magnetic particles can be 
circulated around selected substrate sites in order to 
manipulate the surrounding fluid and non-magnetic particles 

25 including, but not limited to, molecules, proteins, 
colloidal objects and cells, contained within the fluid. 
These devices are useful in increasing the sensitivity of 
biosensors, in decreasing reaction times at surface 
interfaces by more efficiently bringing chemical reagents 

30 to surface interfaces, in perturbing, stretching and 
dislodging molecules and objects attached to surfaces, and 
in providing a method for sorting or arranging one or more 
different types of components into pre-programmed 
arrangements . 

35 

Summary of the Invention 

An object of the present invention is to provide a 
device for manipulating substantially non-magnetic 



WO 2005/072855 



PCTYUS2005/003236 



5 

particles suspended in a fluid also comprising magnetic 
particles. The device comprises the fluid containing a 
dispersion of magnetic particles and a dispersion of non- 
magnetic particles, a chamber, also referred to herein as a 
5 substrate for holding or containing the fluid, and at least 
two sources of magnetic fields positioned in close 
proximity to, or inside of, the fluid holding chamber. The 
magnetic field sources produce a changeable pattern of 
magnetic field minima and maxima regions thereby causing 
10 the non-magnetic particles in the fluid to be transported 
towards the magnetic field minima regions by magnetic 
force . 

Another object of the present invention is to provide 
methods for mixing, transporting, sorting and/or arranging 

15 non-magnetic particles in the vicinity of a surface of a 
fluid holding chamber using the device of the present 
invention. In these methods, the trajectories of non- 
magnetic particles in the fluid are controlled through 
creation of traveling magnetic field maxima and minima 

20 regions on or near the inner surface of the fluid holding 
chamber affected through the presence of patterned magnetic 
features . 

In one embodiment, the device is used to locally 
perturb selected non-magnetic particles attached to the 

25 inner surface of the fluid holding chamber in order to 
provide a way to selectively dislodge particles attached to 
specific locations on the surface. 

In another embodiment, the device is used to 
transport non-magnetic particles in the fluid. 

30 In another embodiment, the device is used to sort 

and/or assemble different patterns of particles on the 
inner surface of the substrate or fluid holding chamber. 
This can be accomplished by controlling the magnetization 
of magnetic features patterned on the substrate or fluid 

35 holding chamber. Non-magnetic particles in the fluid can be 
simultaneously pushed in programmed directions and 
ultimately sorted or assembled into unique configurations 
according to the magnetization of the substrate and 
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movement of the magnetic particles in the fluid. The 
magnetic features on the substrate can then be re- 
magnetized and a new set of non-magnetic particles can be 
added to the fluid for sorting or arranging into a unique 
5 ensemble according to the newly programmed state of the 
magnetic features of the substrate. By repeating this 
procedure with various non-magnetic particles, multi- 
component objects can be sorted and assembled into unique 
figurations step by step. 

10 

Brief Description of the Figures 

Figure 1 is an illustration depicting the top view of 
a substrate patterned with circular magnetic features. An 
external magnetic field is rotated with its axis of field 

15 rotation aligned normal to the plane, and the series of 
images (a-d) depict the ferrofluid movements on the 
substrate depending on the external field applied. The 
externally applied fields are strong enough to continually 
re-magnetize the magnetic features with the rotating 

20 external field resulting in smooth movement of ferrofluid 
around the magnetic features in pursuit of the traveling 
regions of magnetic field maxima. 

Figure 2 is an illustration depicting the cross- 
sectional image of the substrate and its interaction with 

25 ferrofluid in the presence of a rotating external magnetic 
field with the axis of the field rotation aligned parallel 
to the substrate and orthogonal to the direction of 
magnetization in the magnetic features. In this 

illustration, ferrofluid (black) is initially attracted in 

30 between adjacent magnetic features by magnetic fields 
aligned parallel to the magnetization of the feature, as 
shown in (a) . After rotating the fields 90°, the ferrofluid 
that previously accumulated in between adjacent magnetic 
features now collects at one end of the magnetic features, 

35 as shown in (b) . After another 90° rotation, the ferrofluid 
accumulates on top of the magnetic features due to the 
presence of an external magnetic field aligned opposite to 
the magnetization of the features, as shown in (c) . After 
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another 90° rotation, the ferrofluid now moves to the 
opposite end of the magnetic features, as shown in (d) , and 
this forward progression continues across one array period 
distance with each revolution of external magnetic field. 
5 Figure 3 is an illustration depicting how 

ferrofluid' s movements can be programmed into a substrate 
containing an array of magnetic features, and how those 
movements can be used to push different sets of non- 
magnetic particles into precise geometric arrangements when 

10 combined with mechanical template structures. In this 
configuration, the external magnetic field is rotating, 
with the axis of field rotation aligned parallel to the 
substrate, thereby causing the magnetic and non-magnetic 
particles to move linearly across the substrate in pursuit 

15 of the regions of magnetic field maxima and minima, 
respectively, traveling across the substrate. This is 
accomplished by first magnetizing the magnetic features in 
appropriate directions in (a) , with directions denoted by 
arrows, in order to push fluid and non-magnetic particles 

20 either into or out of certain mechanical template 
structures. This configuration is used to assemble a first 
set of non-magnetic particles (shown as black circles) into 
only certain channels of the mechanical template. 
Afterwards, the remaining non-magnetic particles are rinsed 

25 away, and the array of magnetic features is re-magnetized 
to direct a new set of non-magnetic particles into a 
different geometric pattern (shown as grey circles) . 
After the second pattern has been assembled, the array of 
magnetic features is re-magnetized to push all remaining 

30 nonmagnetic particles, leaving a two component pattern. 

Figure 4 is a sequence of images taken from video 
footage showing ferrofluid' s movements around circular 
magnetic features. This process, described in Figure 1, is 
an experimental demonstration of ferrofluid micro-mixers 

35 and microfluidic controllers. 

Figure 5 is a sequence of images taken from video 
footage showing ferrofluid' s movement across an array of 
rectangular magnetic features. This process, as described 
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in Figure 2, begins with ferrofluid accumulating in between 
adjacent magnetic features, and after one complete rotation 
in the external magnetic field, the ferrofluid aggregates 
move across one magnetic feature to the next. 
5 Figure 6 is a sequence of images taken from video 

footage, which depicts the movement of a 7 -micron non- 
magnetic bead manipulated by the surface of magnetic 
features and external rotating magnetic field. The 
magnetic field rotation is oriented like that shown in 

10 Figure 5, with the bead originally positioned in the upper 
right-hand corner of the array. Through the sequence, the 
bead proceeds left to the upper left-hand corner, after 
which the axis of field rotation is rotated 90°, and then 
the bead proceeds down to the lower left-hand corner. The 

15 axis of field rotation is rotated another 90°, causing the 
bead to proceed right to the lower right-hand corner of the 
array. In the process, the trajectories of both magnetic 
and non-magnetic particles can be controlled to a great 
extent. In this scenario the axis of field rotation must 

20 be re-directed to cause the particle to turn. However, in a 
preferred embodiment, the magnetization pattern in the 
array of magnetic features can be re-programmed to cause 
non-magnetic particles to turn in chosen directions using 
only a single constant source of rotating magnetic field. 

25 

Detailed Description of the Invention 

The present invention provides devices and methods 
for use of devices that utilize a fluid comprising a 
dispersion of magnetic particles to manipulate non-magnetic 

3 0 particles affected through a changeable pattern of magnetic 
filed maxima and minima. 

In simplest form, the device comprises a fluid holding 
chamber or substrate capable of containing a fluid, a fluid 
containing a dispersion of non-magnetic particles and a 

35 dispersion of magnetic particles, and at least two sources 
of magnetic fields positioned in close proximity to, or 
inside of, the fluid holding chamber or substrate. The 
magnetic field sources must be capable of producing a 
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changeable pattern of magnetic field minima and maxima 
regions thereby causing the non-magnetic particles in the 
fluid to be transported towards the magnetic field minima 
regions by magnetic force. As shown herein, depending on 
5 the orientation of the external magnetic fields applied to 
the substrate, magnetic particles of the fluid will 
assemble at different locations with respect to each 
magnetic feature contained inside, patterned on top of, or 
held in the vicinity of the fluid holding chamber or 

10 substrate. By varying the magnetic fields in time, force 
can be applied to the non-magnetic particles in the fluid 
through the presence of the magnetic particles suspended in 
the same fluid. 

In one embodiment, the substrate or fluid holding 

15 chamber itself contains magnetic features used in 

combination with one or more external magnetic field 
sources to manipulate the non-magnetic particles on a local 
scale . 

In this embodiment, a spatially uniform rotating 
20 magnetic field can be applied to the fluid holding chamber 
or substrate of the device with the axis of rotation 
aligned normal to the substrate. This system causes 
magnetic particles of the fluid to circulate around the 
magnetic features of the substrate in pursuit of the 
25 magnetic field maxima traveling around the edges of the 
magnetic features while non-magnetic particles are caused 
to assemble on top of the magnetic features in pursuit of a 
constant region of magnetic field minima. The created fluid 
currents caused by the movement of the magnetic particles 
30 are fastest near surface interfaces, and this serves the 
dual functions of mixing the fluid as well as producing 
lift forces to attract the non-magnetic particles on top of 
the magnetic features while sweeping away other regions of 
the surface. 

35 Alternatively, a spatially uniform rotating magnetic 

field can be applied with its axis of rotation aligned 
parallel to the substrate or fluid holding chamber and 
orthogonal to the magnetization of the magnetic features 
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patterned on the substrate or fluid holding chamber. This 
configuration causes magnetic particles to move linearly 
across the substrate in a constant direction, with the 
speed of motion dependent on the strength of the external 
5 field and the frequency of the field rotation. The type of 
fluid convection produced in this embodiment is useful in 
transporting non-magnetic particles, such as molecules, 
colloids, and cells, along desired directions on a 
substrate or fluid holding chamber surface for the purpose 

10 of continuously exposing the surface to new particles. 
This type of fluid convection is also useful in locally 
perturbing particles attached to a surface of the substrate 
or fluid holding chamber in any conceivable direction, in 
order to stretch particles attached to the surface or break 

15 electrical interconnections between devices that have 
assembled on substrates. 

In another embodiment, the magnetic features 
patterned on the substrate or fluid holding chamber are 
magnetized individually and programmed to manipulate the 

20 non-magnetic particles suspended in the fluid and assemble 
them into precise geometric arrangements. A purpose of 
this embodiment is to provide a means for sorting identical 
non-magnetic particles suspended in the fluid and 
assembling them into useful devices. 

25 In another embodiment, the magnetic features 

patterned on the substrate or fluid holding chamber are 
re-programmed after a first set of non-magnetic particles 
have been sorted and/or assembled, and a second set of non- 
magnetic particles placed on the substrate are sorted 

30 and/or assembled into a different geometrical pattern 
without significantly altering the first previously 
assembled particles. Mult i -component surfaces can be 
assembled after many such steps, wherein each step a new 
set of non-magnetic particles is assembled. 

35 Thus, in some embodiment of the present invention, the 

device further comprises an array of different non-magnetic 
particles attached to the inner surface of the fluid 
holding chamber. In this embodiment, the array of attached 
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non-magnetic particles preferably comprises nanoparticles 
or microparticles attached to the inner surface of the 
fluid holding chamber. 

In the device of the present invention, magnetic 
5 particles, preferably nanometer in size and referred to 
herein as magnetic nanoparticles, are exposed to the 
substrate or inner surface of the fluid holding chamber as 
a dispersion or suspension in a carrier fluid. The 
magnetic particles dispersed in the fluid may comprise 

10 magnetic nanoparticles, paramagnetic ions, and/or molecular 
magnets. Thus, the magnetic particles can range from 
single magnetic ions (less than 1 nm in diameter) to 
magnetic grains that are hundreds of nanometers in 
diameter, more preferably from about 5 to about 30 

15 nanometers. The magnetic particles may comprise iron, 
iron-oxide, iron-platinum, cobalt, nickel, a rare-earth 
metal or another alloy forming ferromagnetic, or a 
f errimagnetic or superparamagnetic material, or any 
combination thereof, suspended in a solvent. Examples of 

20 solvents for fluids used in the devices and methods of the 
present invention include, but are not limited to, water, 
alcohol, and organic based-solvents. In some embodiments, 
the magnetic nanoparticles have a surface covered by 
molecules which provide steric or ionic hinderance in order 

25 to prevent irreversible aggregation of the magnetic 

nanoparticles in the fluid. An exemplary suspension of 
magnetic particles useful in the present invention is a 
ferrofluid which comprises a suspension of ultrafine iron 
oxide nanoparticles. Magnetic nanoparticle suspensions 

30 such as ferrofluid provide a desirable alternative to 

micron-sized and sub-micron sized polymerized beads loaded 
with magnetic grains (such as those produced by Dynal 
Biotech or Spherotech) because ferrofluid nanoparticles do 
not settle out of solution by gravitational forces or stick 

35 to surfaces by surface forces as micron-sized particles are 
prone to do. Suspensions such as highly stabilized 
ferrofluid are preferred for fast programmable movement 
around substrates. Further, the motions achieved with 
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highly stabilized ferrofluid near the substrate are 
accomplished with the highest resolution. 

The fluid further comprises a dispersion of non- 
magnetic particles or substantially non-magnetic particles. 
5 By non-magnetic particles or substantially non-magnetic 
particles it is meant any molecule or group of molecules 
not attracted to the magnetic field maxima of a magnetic 
feature but rather attracted to the magnetic field minima 
of a magnetic feature. Examples include, but are in no way 

10 limited to nucleic acids such as DNA, RNA, and combinations 
thereof, proteins and peptides, small organic and inorganic 
molecules and cells. Preferably the non-magnetic particles 
are nanoparticles or microparticles . 

The device further comprises at least two sources of 

15 magnetic fields responsible for directing movement and 
assembly of the suspended magnetic and non-magnetic 
particles . 

Preferably one of the sources comprises magnetic 
features with dimensions ranging in size from 0.1 nm to 

20 10,000 nm, more preferably 10 to 1000 nanometers. These 
magnetic features may comprise iron, iron-oxide, iron- 
platinum, cobalt, nickel, a rare-earth metal or another 
alloy forming ferromagnetic, or a f errimagnet ic or 
superparamagnetic material, or any combination thereof. 

25 The magnetic features can be identical, forming a uniform 
array on the inner surface of the fluid holding chamber or 
substrate. Alternatively, the magnetic features can be 
patterned heterogeneously on the surface. The magnetic 
features can be patterned directly on the top of the 

30 substrate surface or inner surface of the fluid holding 
chamber; they can be embedded inside the surface of the 
substrate of fluid holding chamber; or they can be held 
external to but in the near vicinity of the substrate 
surface or inner surface of the fluid holding chamber. 

35 An exemplary magnetic feature useful in the present 

invention is a magnetic bit pattern, which comprises thin 
magnetic film patterned directly on a substrate, such as 
silicon or silicon dioxide. 
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In an alternative embodiment, the magnetizable 
features are attached to mobile supports that are submerged 

in the fluid. 

Preferably the second magnetic field source 
5 comprises a substantially uniform, time varying magnetic 
field supplied by a source held external to the surface of 
the substrate or fluid holding chamber. Examples of such 
sources include rotating permanent bar magnets, such as 
those used routinely in magnetic stirring hotplates, and 

10 solenoid cells with iron cores that are energized with a 
time-varying electrical current to produce time-varying 
magnetic fields, such as oscillating or rotating magnetic 
fields that permeate the substrate and the fluid. By 
"substantially uniform" it is meant that the time-varying 

15 fields have only weak magnetic field gradients, and thus 
only insubstantial forces are applied on the particles 
suspended in the fluid by the external magnetic field 
sources. This is also achieved using sources of magnetic 
fields which comprise an array of conductors and a means 

20 for switching or varying electrical current in the 
conductors . 

In contrast to prior methods, such as U.S. Patent 
6,415,821 and U.S. Patent 6,408,884, wherein the goal is to 
move bulk fluid through channels using slugs of ferrofluid 

25 that are designed to be immiscible with the fluid of 
interest (Greivell, et al . , 1997, IEEE Trans. Biomed. Eng. 
44:129), a goal in the present invention is to move fluid 
fastest near surfaces rather than the bulk fluid. Further, 
in the present invention the magnetic particles are 

30 miscible with the fluid and the non-magnetic particles are 
suspended within the same fluid. 

The present invention also differs from U.S. Patent 
No. 4,808,079, which discloses a pump for a ferrofluid, as 
the intent in the present invention is to manipulate and 

35 move non-magnetic materials within a magnetic fluid 
primarily by magnetic force as opposed to hydrodynamic 
force. Such movement is accomplished in the present 
invention by applying a changeable pattern of magnetic 
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field that contains both local magnetic field maxima and 
minima. The magnetic field minima regions serve as traps 
for the non-magnetic particles, and these minima regions 
can travel across a surface by application of appropriate 
5 magnetic field configurations. Local magnetic field minima 
regions are not required in U.S. Patent 4,808,079. 

In some embodiments, depending upon the intended end 
use, the device of the present invention may further 
comprise a sensor attached to the inner surface of the 

10 fluid holding chamber. Examples of sensors for use in the 
present invention include, but are not limited to optical, 
electrical, electrochemical, and magnetic sensors. 

A diagram of the general process of field-assisted 
magnetic particle manipulation on a recordable magnetically 

15 patterned substrate in accordance with the present 
invention is shown in Figures 1 through Figure 5. As shown 
therein a substrate capable of containing a fluid is 
patterned with magnetic features. This substrate and the 
fluid contained therein with its dispersion of magnetic 

20 particles and a dispersion of non-magnetic particles is 
then subjected to substantially uniform, time-varying 
external magnetic field produced by a magnetic source held 
external to the substrate. In some cases, the time-varying 
external magnetic field continuously and simultaneously 

25 magnetizes the magnetic particles of the fluid and the 
magnetic features of the substrate, which preferentially 
push the magnetic particles in specific trajectories around 
the poles of the magnetic features of the substrate in 
pursuit of the traveling regions of magnetic field maxima. 

30 Meanwhile, the non-magnetic particles of the fluid are 
moved to opposite areas of the substrate surface in pursuit 
of the regions of magnetic field minima. The manipulation 
of non-magnetic particles is achieved primarily by the 
effective diamagnetic force induced on the non-magnetic 

35 particles caused by the fluid acquiring a net magnetization 
due to the presence of a substantial volume fraction of 
magnetic particles. For example, as shown in Figure 1(a), 
1(b), 1(c), and 1(d), when the external magnetic field is 
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rotating with its axis of field rotation aligned normal to 
the plane, magnetic particles circulate around the magnetic 
features of the substrate where the magnetic field is 
maximized, while non-magnetic particles are drawn to 
5 assemble on top of the magnetic features where the magnetic 
field is minimized. In another embodiment, the time- 
varying magnetic field magnetizes only the magnetic 
particles, while the magnetic features on the substrate 
have permanent magnetization. The result is that when an 

10 appropriately oriented rotating magnetic field is applied 
to the device, the magnetic particles are moved from one 
magnetic feature to the next following the regions of 
magnetic field maxima, as shown in Figure 2(a), 2(b), 2(c), 
and 2(d). To achieve this motion, the external magnetic 

15 field must be rotated with its axis of field rotation 
aligned parallel to the substrate and orthogonal to the 
permanent magnetization of the magnetic features. A 
traveling wave is set-up by this configuration, causing 
both the magnetic and non-magnetic particles to be moved in 

20 the same direction across the substrate. • The difference is 
that the magnetic particles follow the regions of magnetic 
field maxima whereas the non-magnetic particles follow the 
regions of magnetic field minima. The motions of the 
magnetic particles along the substrate, either in linear or 

25 circular motions in the plane, is used to manipulate the 
fluid and transport, sort or arrange non-magnetic particles 
into desired configurations. 

Figures 3 (a) , 3 (b) , and 3 (c) are diagrams depicting 
how the programmed motion of particles on a surface of a 

30 substrate can be used to sort or arrange several different 
sets of non-magnetic particles into precise geometric 
configurations. Figure 3(a) depicts the substrate 

containing an array of magnetic features, which are 
programmed to assemble non-magnetic particles into a first 

35 geometric pattern. Figure 3(b) depicts this same substrate 
after assembly of a first set of particles, followed by 
alignment and re-magnetization of the magnetic features 
contained on the substrate in order to push or direct a 
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second set of non-magnetic particles into a different 
geometric arrangement. Figure 3(c) depicts the array after 
two such assembly steps of two different sets of non- 
magnetic particles. This illustration demonstrates 
5 multiple utilities of the devices of the present invention, 
including transportation, sorting, and arranging non- 
magnetic particles. 

Results from experiments relating to the manipulation 
of ferrofluid and suspended non-magnetic particles near a 

10 substrate with magnetic features due to the application of 
a time- varying, substantially uniform magnetic field are 
shown in Figures 4, 5 and 6. Figure 4 depicts a sequence 
of images, showing magnetic nanoparticles circulating 
around magnetic features, due to a uniform rotating 

15 magnetic field with its axis of field rotation aligned 
normal to the plane. The nanoparticles complete one 
revolution around the patterned magnetic features with each 
one half revolution of the external rotating field. In 
this image, the rotation was completed in less than one 

20 second, although significantly faster speeds can be 
achieved. Figure 5 is a sequence of images taken from 
video footage, which depicts the linear progression of 
ferrofluid, like the process described in Figure 2, across 
a series of magnetic features. The magnetic nanoparticles 

25 transverse a distance of one array period across the 
magnetic features (i.e. from one magnetic feature to the 
next) over the course of each complete revolution of the 
rotating magnetic field. Figure 6 is a sequence of images 
taken from video footage, which depicts the movement of a 

30 single 7-micron non-magnetic bead manipulated by an array 
of magnetic features in highly defined directions across a 
substrate, similar to that described in Figure 3. The 
sequence of images starts with the bead in the upper right- 
hand corner of the array. In the presence of a rotating 

35 magnetic field, the bead proceeds left to the upper left- 
hand corner, then down to the lower left-hand corner, and 
finally proceeds right to the right-hand corner of the 
array. In the process, precise trajectories of the 
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particle are achieved using rotating magnetic fields as the 
mechanism for driving motion. 

Programmable mixing of fluids near surfaces using a 
suspension of magnetic particles in accordance with the 
5 present invention is heavily facilitated by the ability to 
record the magnetization of selected magnetic features on 
the substrate in appropriate directions. In the case of 
circulating magnetic particles around patterned magnetic 
features of a substrate for application in mixing, 

10 recording the magnetization of individual magnetic features 
is not required. However, in order to move particles in a 
continuously linear direction across many magnetic 
features, the patterned magnetic features must be permanent 
(i.e. they must be able to retain their magnetized state in 

15 the presence of opposing, field bias). Otherwise, the 
magnetic and non-magnetic particles would simply jump back 
and forth between the magnetic features, rather than move 
in a constant forward progression. By magnetizing 

individual features in the substrate with a tangential 

20 component to the axis of the rotating field, the 
trajectories of individual non-magnetic particles can be 
efficiently controlled primarily by the substrate even 
under a single unchanging source of rotating magnetic 
field. This phenomenon may be used to assemble precise 

25 patterns of non-magnetic particles. A second set of non- 
magnetic particles can be sorted or assembled at different 
locations by re-magnetizing the magnetic features in 
different orientations and then pushing a second set of 
non-magnetic particles that are injected into the fluid 

30 into newly programmed arrangements. Re-magnetizing of the 
surface includes two steps. The first step is to magnetize 
the magnetic features of the substrate to direct non- 
magnetic particles away from the previously assembled 
locations. The second magnetizing step is magnetizing 

35 other magnetic features of the substrate in order to direct 
the new set of non-magnetic particles towards newly desired 
locations on the surface. By repeating this procedure for 
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each set of particles, a heterogeneous pattern can be built 
up step by step. 

Mixing and assembling structures with magnetic 
substrate features and magnetizable fluids in accordance 
5 with the present invention provides significant advantages 
over other mixing techniques. For example, one advantage 
is that magnetic particles of the fluid automatically align 
with the recordable magnetic pattern on the substrate. 
This self -alignment provides an efficient way to assemble 

10 massive numbers of stirring rods in parallel using only a 
single source of external rotating magnetic field. Using a 
recordable magnetic pattern, the magnetic particle stirring 
rods can be programmed to push fluid and non-magnetic 
particles in the fluid into adjacent channels, against 

15 walls, and into other mechanical confines. It is also 
expected that the magnetic features can push the non- 
magnetic particles towards regions of the surface where 
they interact with the substrate by strong short-range 
affinity (i.e. accomplished through favorable surface 

20 tension, or direct chemical binding forces) . These two 
locking schemes are suggested as mechanisms for freezing 
the assembled non-magnetic particle patterns in place once 
the desired configuration is achieved. As will be 

understood by one of skill in the art upon reading this 

25 disclosure, alternative locking mechanisms which do not 
substantially changing the scope of this invention can also 
be developed. Several different particles can be easily 
arranged by this process using only benign forces, since 
magnetic fields are biocompatible and do not significantly 

30 alter delicate biological materials. It is expected that 
heterogeneous patterns with resolution of 100 nm or better 
can be achieved using this technique. Traditional 
lithographic fabrication techniques, by contrast, have 
difficulty in aligning multiple patterns with micrometer 

35 resolution. 

Another advantage of these devices is that the 
suspension of magnetic particles has been shown to perform 
consistent aggregation on the surface even when the 
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magnetic features are separated from the fluid by barriers 
micrometers in thickness. The accumulation of magnetic 
particles at long range indicates that stirring can also be 
achieved using magnetic features embedded in a uniform 
5 passivating layer. Use of magnetic features embedded in the 
substrate allows non-magnetic particles to be manipulated 
and forced to interact with a surface that has uniform 
surface chemistry, which is essential for applications in 
combinatorial material synthesis, genomic analysis, drug 

10 discovery, cellular system fabrication, sensor and other 
applications. Magnetic particles can be coated with 
biocompatible agents or can be modified to be compatible 
with the non-magnetic particles of interest, such as 
different molecules, proteins, colloidal particles or cells 

15 that need to be manipulated near a surface. Since no 
harmful chemical solvents are employed, the magnetic 
particle stirring rods may provide a lithographic 
patterning tool specifically designed for assembling 
delicate biological materials without altering, damaging or 

20 destroying previously deposited materials. 

The efficacy of this manipulation method was 
demonstrated using thin patterned Cobalt film. Recordable 
magnetic patterns were made in evaporated Cobalt film 100- 
nm in thickness by conventional photolithographic lift-off 

25 methods, as described Yellen et al . (J. Appl . Phys . 2003 
93 (10) : 7331) . The magnetic patterns used in these 

experiments were circles with 5-microns diameter or 
rectangles with planar dimensions of 4 -microns wide by 20- 
microns long. Following creation of a substrate containing 

30 magnetic features, the substrate was submersed in a bath of 
deionized water and an aqueous solution of domain-detection 
ferrofluid (purchased from Ferrotec, Inc., NH, USA) was 
injected into the bath under the influence of applied 
magnetic fields. 

35 The circular motion of ferrofluid around a particular 

magnetic feature was demonstrated by rotating external 
magnetic fields with the axis of field rotation aligned 
normal to the substrate. Images taken from video footage 
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confirm the ferrofluid movement around the magnetic 
features. The first image showed -.the ferrofluid extending 
from the ends of the magnetic features due to external 
magnetic fields being directed along the same line as the 
5 magnetization of the feature on the substrate. After 
rotating the field clockwise, the ferrofluid aggregates 
rotated around the magnetic feature in sync with the 
external fields. 

The linear motion of ferrofluid across the substrate 

10 containing an array of magnetic features was demonstrated 
by applying external rotating magnetic field with axis of 
field rotation aligned parallel to the substrate and 
orthogonal to the magnetization of the magnetic features. 
Images taken from video footage confirm the linear movement 

15 of ferrofluid in the presence of this rotating external 
magnetic field bias. The ferrofluid initially was situated 
in between adjacent magnetic features due to magnetic field 
aligned parallel to the features' magnetization. When the 
external fields were rotated 90°, the ferrofluid moved from 

20 in between adjacent features to one of the feature's poles. 
When the external fields were rotated another 90°, the 
ferrofluid accumulated on top of the magnetic features due 
to a magnetic field bias that opposes the features* 
magnetization. After the external fields were rotated 90° 

25 once more, the ferrofluid accumulated at the other end of 
the magnetic features. Many such revolutions cause the 
ferrofluid to continually move across the substrate, in the 
process covering the distance of one array period across 
the magnetic features with each revolution of the external 

30 magnetic field. Complete switching of the ferrofluid from 
one side to the other was accomplished in under 
milliseconds, indicating that the ferrofluid can be moved 
at great speeds. 

In addition to the above experiments, the process of 

35 magnetic particle fluid assembly of non-magnetic particles 
onto magnetized film was studied theoretically to determine 
the extent to which a fluid containing a dispersion of 
magnetic particles such as a ferrofluid can accumulate at 
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programmed sites on a surface. In stabilized magnetic 
colloids, where spontaneous magnetization does not occur in 
the absence of magnetic field, equilibrium regions of 
particle aggregation are the result of competition between 
5 diffusion and magnetic forces. In many previous models in 
the literature, magnetic forces on particles were 
calculated using the assumption that the non-magnetic 
carrier fluid is incapable of screening external magnetic 
fields. This assumption is valid only in the regions of 

10 relatively low particle concentrations. Moreover, previous 
models of High Gradient Magnetic Separation schemes (HGMS) 
ignored possible perturbation of the external magnetic 
fields by the spatially varying concentration of the 
magnetic particles in the fluid. Volume susceptibility of 

15 the fluid at higher magnetic particle concentrations can be 
as high as 10. Thus, neglecting the demagnetizing field due 
to the spatially varying concentration is justified only at 
lower concentrations far away from any magnetic wires or 
magnetic poles placed in the fluid. The self -consistent 

20 model presented below takes into account both the magnetic 
field screening by the fluid and the demagnetizing field 
due to spatially varying particle concentration. 

Volume magnetization, M p , of a particle is dependent on 
external magnetic field H (which is assumed to be uniform 

25 inside the particle) . For relatively weak magnetic fields, 
the relationship between the magnetization and magnetic 
field is linear and in the vector form can be written as 
follows : 

M =zH, in, =VM n ,z= ° 1 (1) 

30 where m p is the magnetic moment of a particle of volume 

V p , M s is saturation magnetization of particles, k B is 
Boltzmann constant, and T is the absolute temperature. 

The force acting on a particle inside magnetic fluid 
takes the form: 

35 F m =H{tn p -(m))-VH (2) 

where (m) represents an average magnetic moment of 
unit volume of magnetic fluid surrounding the particle. We 
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assume that (m) at a given point in space is related to m p 
by: 

(m) = m p C(?) (3) 

where C(r) is the volume concentration of particles 
5 (fraction of volume occupied by the particle material) . The 

balance of force F m on the magnetic particle and the fluid 

drag determines the velocity of particle (Stoke' s law) 

y p =rjF m ^^ 0 (m p -{m))VH (4) 

where the coefficient of proportionality 77 is the 
10 mobility of the particle, which characterizes the fluid 
drag. The effects of magnetic field screening due to the 
fluid magnetization are taken into account in (2) and (4) 
by subtracting the average fluid magnetization. This is one 
of the main differences with respect to previous models 
15 employed in HGMS. 

The total flux of particles is the sum of two 
components, a diffusion component 

Jv=-WC{r) (5) 

and a drift component 
20 J*,=C{r)v p (6) 

Under static equilibrium conditions the total flux of 
particles must be zero, 

J-J^+J^O. (7) 



25 



Using (3 - 7) one obtains 



VC(r) = (*,r)-'C(r)(l -C(?))/J 0 m p VH (8) 
where, from the Einstein relation, (k B T) ~ 2 = 7]/D, and C is 
the unknown concentration of magnetic particles. 
Substituting %> defined in (1), equation (8) can be directly 
30 re-arranged as follows: 



r2 



^■^y, n i, a y^ (9 a) 



C{?%\-C(r)) 1-C 2k J 



35 



Given that the bulk of the fluid is in zero field (far 
away from any field sources) and has bulk particle 
concentration Ci , equation (9a) can be easily integrated to 
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yield: 



(l-C(r)) (I-C.) 



C(F) _ C, 



exp 



= ,4 exp 




(9b) 



where the constant A and function a(r) = 




//(?) are 



dimensionless quantities defined for the sake of 
5 convenience. Expression for concentration can be obtained 
from (9b) by simple algebraic manipulation: 



It is important to note that the dimensionless 
function a can be interpreted as the ratio of two energies: 
10 the particle's potential energy in the external magnetic 
field and its thermal fluctuation energy. From this, it is 
clear that spatial variation of concentration in (10) is 
completely consistent with equilibrium statistical 
mechanics. In fact, the right hand side of (10) can be 
15 recognized as the Fermi -Dirac function. It emerges as a 
result of field screening by magnetic particles in the 
solution, which reduces the magnetic force to zero at 100% 
concentration. In the presence of diffusion this does not 
allow particles to overlap. The impossibility of particle 
20 overlap leads to Fermi-Dirac distribution in much the same 
way as it happens due to the exclusion principle in Quantum 
Mechanics. Therefore, concentration saturation emerges 
naturally in this model without the need to use 
artificially set hard concentration limits often imposed in 
25 HGMS models that do not take field screening into account. 

In determining average magnetization of the fluid the 
effects of particle interactions were neglected above. Mean 
Spherical model takes into account interactions between the 
particles by introducing a correction to the non- 
30 interacting particle model discussed above, which can be 
written in the linear regime of weak magnetic field as: 



C(F) = 



1 + ^-' exp(-a 2 /6)' 



(10) 



(m) = (1 + aC{r))C{r)m p = (l + aC{r))C{r)V pX H 



(ID 



35 



where x is zero-field susceptibility defined through 
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(1) , and parameter a typically has value around 3, making 

the effects of concentration important when the 
concentration is greater than roughly 20-30%. 

Using equation (4-7) and (11) and following the line 
of reasoning used to derive (9a), one finds: 

vc ,i^']. v «l (12) 



C(\-C)l\ + aC) [ 2k J 
Just like (9a) , the above equation can be integrated 
to yield: 



— = A«exp 



{\-C{f)Y^ + aC(?)Y^ 

= ^w5 ex p(" J/6 )> 



2k a T 



(13) 



10 where the function a is defined as in (9b) and 

Q 

A.„ = : — ; — ! 7— is the integration constant evaluated, 

as before, by setting the field equal to zero and using the 
bulk fluid value of the concentration d. 

Non-magnetic particles dispersed inside the magnetic 

15 fluid will experience a body force in the opposite 
direction as the magnetic particles, according to (4) . The 
non-magnetic particles follow the regions of magnetic field 
minima, whereas the magnetic particles follow the regions 
of magnetic field maxima. Through changes in the external 

20 field or in the magnetization of the magnetic features on 
the surface, the non-magnetic particles can be moved across 
a surface, or can be arranged onto precise configurations 
of the surface. Accordingly, this indicates that magnetic 
nanoparticle suspensions such as ferrofluid can be used as 

25 to mix fluids and programmably manipulate non-magnetic 
particles inside the fluid. 

The following nonlimiting example is provided to 
further illustrate the present invention. 



30 



EXAMPLES 

Example 1: Materials and Methods 

Experiments were performed using Silicon or Pyrex 
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substrates patterned with 100 nm thick Cobalt film by 
conventional photolithographic lift-off process. In the 
lift-off process, an image is defined by exposing 
photoresist to ultraviolet radiation through a patterned 
5 optical mask. The photoresist pattern is developed, and 
then Cobalt is evaporated onto the patterned wafer. 
Finally, the remaining photoresist is stripped to produce a 
pattern of Cobalt film. While negative or multi-layer 
resists are frequently utilized to obtain an undercut 

10 resist profile, positive Shipley 1813 photoresist yielded 
satisfactory results. The magnetic features on the 
substrate consist of individual circular shapes with 5 um 
diameter or rectangular shapes having a planar dimension of 
4 pm wide by 20 pm long. Aqueous based ferrofluid domain 

15 detection fluid purchased from Ferrotec was applied to the 
substrate in varying concentrations. Aqueous based non- 
magnetic colloidal particles were added to the ferrofluid. 
A rotating magnetic field was applied to the substrate, 
which caused the ferrofluid particles as well as colloidal 

20 particles in the vicinity of the substrate to be 
manipulated in desired directions. 



